Tropical cyclone track forecasting has improved recently to the point at which extending the official forecasts of both track and intensity to 5 days is being considered at the National Hurricane Center and the Joint Typhoon Warning Center. Current verification procedures at both of these operational centers utilize a suite of control models, derived from the ''climatology'' and ''persistence'' techniques, that make forecasts out to 3 days. To evaluate and verify 5-day forecasts, the current suite of control forecasts needs to be redeveloped to extend the forecasts from 72 to 120 h. This paper describes the development of 5-day tropical cyclone intensity forecast models derived from climatology and persistence for the Atlantic, the eastern North Pacific, and the western North Pacific Oceans. Results using independent input data show that these new models possess similar error and bias characteristics when compared with their predecessors in the North Atlantic and eastern North Pacific but that the west Pacific model shows a statistically significant improvement when compared with its forerunner. Errors associated with these tropical cyclone intensity forecast models are also shown to level off beyond 3 days in all of the basins studied.
Introduction
Since 1964, the National Hurricane Center (NHC) has been producing operational tropical cyclone (TC) forecasts of track and intensity (maximum 1-min sustained wind speed to the nearest 5 kt) through 72 h in the Atlantic tropical cyclone basin. In 1988, NHC also began issuing tropical cyclone forecasts in the eastern North Pacific tropical cyclone basin. Before 1988, the San Francisco Weather Service Forecast Office issued eastern North Pacific hurricane forecasts (Sheets 1990 ). Likewise, the Joint Typhoon Warning Center (JTWC) makes track and intensity forecasts through 72 h in the Southern Hemisphere, north Indian Ocean, and the western North Pacific. Many of the current guidance models used by forecasters at NHC and JTWC provide forecasts of track and intensity out to and beyond 5 days. A common approach to assessing the merit and skill of TC forecasts is to compare them with what is referred to as a ''control'' forecast derived from a combination of climatology and persistence (CLIPER) . [See Panofsky and Brier (1968) for a basic discussion about meteorological forecast verification. Climatology, as used here, refers to a forecast based on climatological averages, and persistence is a forecast that the current conditions will continue.] There currently is a set of control forecast models designed for making intensity forecasts out to 3 days. To evaluate and to verify 5-day intensity forecasts, updated versions of these CLIPER- based intensity models that make forecasts through 120 h are needed.
Operational track forecasts have shown considerable improvement over the past several decades (McAdie and Lawrence 2000) . In recent years, the operational track forecasts improve upon those from CLIPER-type models by about 30%-40% at 3 days (e.g., Gross 1999) and, thus, have considerable forecast skill. These recent improvements in tropical cyclone track forecasting skill have prompted the U.S. Navy and other agencies to request that NHC and JTWC provide TC guidance beyond 72 h (OFCM 2001) . As a result of this request, both NHC and JTWC have developed plans to provide forecasts through 5 days.
Intensity forecasting skill lags that of track forecasting (DeMaria and Kaplan 1999), although some progress has been made in the past few years. Figure 1 shows the official NHC track and intensity forecast errors relative to their respective CLIPER control forecasts [3-day statistical hurricane intensity forecast (SHIFOR; Jarvinen and Neumann 1979) for intensity, CLIPER (Neumann 1972) for track], indicated by the zero line, for two periods: 1992-96 and 1997-2001 . In this figure, greater skill is indicated by larger negative values of relative error. This figure shows that the intensity forecast skill is considerably less than that for track but that the skill has improved over the past decade. These results come from NHC's Atlantic basin forecasts; a similar situation exists in the eastern and western North Pacific (Gross 1999; JTWC 2002a) . Given that there is some intensity forecast skill at 3 days, NHC and JTWC are also evaluating the extension of their intensity forecasts to 5 days. The creation of updated 5-day versions of CLIPER-based control models of TC intensity is an integral part of these plans, and these models will be used to evaluate the skill of the operational 5-day intensity predictions.
This purpose of this paper is to describe the development of the 5-day versions of the CLIPER-type intensity models for the Atlantic, eastern North Pacific (including the central Pacific), and the western North Pacific tropical cyclone basins. The use of climatology combined with persistence to make control tropical cyclone track and intensity forecasts has a long history (Neumann 1972; Jarvinen and Neumann 1979; Merrill 1980; Chu 1994; Aberson 1998 ). These models typically have been developed using data that describe the past history of tropical cyclones to create a set of multiple linear regression equations for the prediction. Existing 3-day CLIPER-based intensity forecast models include SHIFOR for the Atlantic and eastern North Pacific (Jarvinen and Neumann 1979) and the statistical typhoon intensity forecast (STIFOR) described in Chu (1994) .
It is important to note that while these models are used to assess intensity forecasting skill they also, at times, are used to provide real-time forecast guidance because of the difficulty involved in TC intensity forecasting. Expanding on these past efforts, this paper documents the development, statistical characteristics, and performance of 5-day tropical cyclone intensity forecast models following the CLIPER approach. The databases are described in section 2, the statistical development is presented in section 3, and the new models are evaluated in section 4.
Datasets
The historical track and intensity information used to develop updated versions of SHIFOR and STIFOR come from the ''best track'' datasets for each basin. NHC's best-track digital database is described by Davis et al. (1984) for the eastern North Pacific and Jarvinen et al. (1984) for the Atlantic. These databases contain date, time, location, and intensity of tropical cyclones and subtropical cyclones that reached an intensity of greater than 34 kt. The intensity archived in these historical datasets as well as operational intensity forecasts are recorded to the nearest 5 kt (2.58 m s Ϫ1 ) at 6-h intervals. For this reason, model formulation as well as any discussion of intensity in this paper will be given in units of knots (1 kt ϭ 0.52 m s Ϫ1 ). Also, for the purposes of this paper, the definitions of tropical depression, tropical storm, subtropical storm, hurricane, and typhoon will follow those in Elsberry (1987) . The term ''nondeveloping depression'' refers to a tropical depression that never reached tropical storm or subtropical storm status.
The current operational version of SHIFOR used at NHC was developed using best-track data for the period of 1967-87 and included all tropical cyclones and nondeveloping depressions in the Atlantic basin whose initial position is west of 5ЊE and south of 45ЊN. An examination of the number of nondeveloping depressions over 1967-99 shows that the number has declined over the past decade or so (Fig. 2) . This change is likely the result of changes in operational procedures related to classification of weaker systems and not of atmospheric trends in weak tropical cyclones. For this reason, the development of a 5-day version of Atlantic SHIFOR uses best-track data from 1967 to 1999 but does not include nondeveloping depressions. As a result, all of the tropical cyclones in the developmental dataset eventually reach an intensity of 35 kt or stronger, becoming tropical storms, subtropical storms, or hurricanes. In addition, to remove the potential influence of land, all cases within 50 km of land were excluded. The choice of the starting date (1967) also minimizes potential effects of positive intensity biases documented in major hurricanes (Landsea 1993) .
In the eastern North Pacific, the original 3-day version of SHIFOR used best-track data for the period of 1967-87, including nondeveloping depressions. The development of a 5-day SHIFOR in this basin uses the besttrack data starting in 1975 and continuing through 1999, but without the nondeveloping depressions. One justification for this change is that routine aerial reconnaissance has never been routinely available in this tropical cyclone basin and reliable techniques for satellite intensity estimates (Dvorak 1972 (Dvorak , 1975 (Dvorak , 1984 were not used operationally until the mid-1970s (Neumann et al. 1993) . For this reason, the estimated intensities of tropical cyclones, especially for weaker and very intense systems and thus the intensity-change climatology, is likely less reliable prior to 1975. Also, a record of nondeveloping depressions in this basin does not exist prior to 1989. To expand the developmental dataset to include the central Pacific basin, initial positions were allowed to be east of 165ЊW and south of 35ЊN. To limit the possible effects of land on intensity, cases are excluded if the tropical cyclone is within 50 km of land.
The digital database that contains historical track and intensity estimates for the western North Pacific is maintained by JTWC and the Naval Research Laboratory in Monterey, California, and contains both nondeveloping depressions and all other tropical cyclones (JTWC 2002b) . The nondeveloping depressions are included in the development of this model because there is a longstanding operational requirement to provide warnings on tropical depressions occurring in the western North Pacific, including the South China Sea, when intensities exceed 24 kt (Guard et al. 1992) , and the record of nondeveloping depressions appears to be consistent throughout the 1967-2000 sample. Unlike in models developed for the Atlantic and eastern North Pacific, 2000 was used in this model development because this model was developed slightly later; hence, only 2001 data were available for independent evaluation. All best tracks for the period 1967-2000 are used in the development of the 5-day version of STIFOR, because aerial reconnaissance was routinely available in this basin prior to 1987. Data were utilized if initial storm positions were located between 80ЊE and the date line, south of 45ЊN, and not within 50 km of land.
Statistical methods
Model development closely follows the method described in Jarvinen and Neumann (1979) for the development of 3-day SHIFOR. The dependent variable (predictand) is the change in intensity from the initial conditions (DELV), which is predicted using 7 primary independent variables (predictors) and 28 secondary predictors constructed from the squares and cross products of the 7 primary predictors. All predictors are constructed in the same way for each basin, except for the variable containing the date, which is constructed from the yearday minus the yearday corresponding to the peak of the seasonal activity in that basin (Neumann 1993) . The absolute value of this date variable is used in the eastern and western North Pacific tropical cyclone basins because it was better related to intensity change in those basins. Also, note that west longitude is treated as an absolute value in the eastern North Pacific and Atlantic. The primary predictors are as follows:
(a) Atlantic-the initial yearday minus yearday 253, (b) eastern North Pacific-the absolute value of the initial yearday minus yearday 238, and (c) western North Pacific-the absolute value of the initial yearday minus yearday 248; 2) latitude (LAT), 0Њ-90ЊN; 3) longitude (LON), 180Њ-0Њ in the Atlantic and eastern North Pacific (always positive), 0Њ-180Њ in the western North Pacific; 4) zonal speed of the storm (U) (kt), westerly motion is positive; 5) meridional speed of the storm (V) (kt), northerly motion is positive; 6) current intensity (VMAX) (kt); and 7) 12-h change in intensity (DVMX) (kt).
This method results in a pool of 35 potential predictors from which the best predictor combinations can be selected.
Variable selection for multiple-regression schemes
can be accomplished through a number of methods. Three such methods are combined to select predictors for the models developed here. The methods are forward selection, backward selection, and stepwise selection. In forward selection, an attempt to add a predictor to the model is made (forward step). The predictor is retained if the probability associated with its relationship to the dependent variable determined from an F test (p value) is greater than a predefined level PIN. The model initially has no predictors, or individual predictors can be forced into the model prior to the first forward step. During typical forward selection, several forward steps would continue until none of the remaining potential predictors had p values less than PIN. Backward selection, as the reader may anticipate, involves an attempt to remove predictors from the model (backward step). A predictor is removed if its p value is less than a predefined level POUT. All the predictors initially would be forced into the model. In backward selection, backward steps are typically continued until all of the retained predictors have p values greater than POUT. The final variable selection method used in developing these models is referred to as stepwise selection. In stepwise selection, a backward step is attempted using POUT; if no variable is removed, a forward step is attempted using PIN. The combination of a backward step followed by a forward step is referred to as a stepwise step. In stepwise selection, only forced predictors enter the model initially, and stepwise steps continue until none of the predictors can be removed from the model and none of the remaining potential predictors can be added. Forcing predictors into the model refers to the process of giving forced predictors preference in the selection procedure. If a set of predictors is forced into the model, all of these predictors must be removed or kept before other potential predictors are allowed into the model (IMSL 1987) . One can also combine these stepping procedures and force certain predictors into a given model to create regression models with desired properties. Such a procedure is used in this study. In the development of the regression equations for each basin, it is desired that continuity between predictors used at successive times be maintained as much as possible and that primary predictors are given preference in entering the model equations for the first forecast interval (12 h). Models for each basin are developed using the same procedures but with different statistical significance levels (PIN and POUT) for the predictor selections. The significance levels were increased to limit the number of predictors used in the model. Because of the number of cases used to create these models, the typical significance levels used for the development of this type of regression model (e.g., PIN ϭ 0.01, POUT ϭ 0.02) were too easily achieved and predictors were entering the model that accounted for a very limited additional reduction in overall variance. Because the average intensity changes in the Atlantic tend to be smaller than in the eastern North Pacific or western North Pacific, the signal-to-noise ratio is lower in the Atlantic basin and significance levels (PIN, POUT) are set lower there.
Forecast equations are developed using multiple linear regression in which the predictand is DELV and independent variables are those available in the potential predictor pool. The predictors at each forecast interval are chosen using a procedure designed to improve the forecast continuity from one interval to the next and to provide a preference for the selection of primary predictors over quadratic combinations for the first forecast interval (12 h). The first step is to choose from the primary variables (1-7) for the 12-h forecast in a forward-selection process. PIN is set to 1 ϫ 10 Ϫ5 in the North Atlantic and 1 ϫ 10 Ϫ7 for the eastern and western North Pacific models for this forward selection. Once primary predictors have been chosen, they are forced into the model, and secondary predictors are then allowed to enter the model using a forward-selection procedure with a PIN and POUT equal to 1 ϫ 10 Ϫ6 and 1 ϫ 10 Ϫ10 for the Atlantic and eastern/western North Pacific models, respectively. To remove primary predictors that have lost their statistical significance, a backwardselection procedure is performed that removes all predictors that have a probability of being by chance greater than 2 ϫ 10 Ϫ5 and 2 ϫ 10 Ϫ10 in the Atlantic and eastern/ western North Pacific, respectively. Last, the predictors in the model following the backward selection are forced into the model and a stepwise-selection procedure passes through the remaining potential predictors a final time using the same significance levels as the previous backward and forward steps, thus adding any remaining potential predictors made significant by the previous backward selection.
For forecast equations with lead times greater than 12 h, the predictors chosen for the forecast equation at the previous time are given preference in the same way primary predictors are given preference for 12-h forecast equations. This procedure was shown to provide more continuity among predictors and predictions with differing time lags than other variable selection procedures and resulted in between 4 and 12 predictors being chosen for each forecast equation.
The statistical formulation of these models differs from their predecessors SHIFOR and STIFOR in several important ways. First, the selection of predictors is different than the methods used by both Jarvinen and Nuemann (1979) and Chu (1994) , who included only predictors that explained at least 0.5% of the predictand variance. The predictor-selection procedure used in the development of these models also allows the forecast equations to evolve over the 120-h forecast period by allowing the predictors and number of predictors to change. Chu (1994) also chose to use VMAX instead of DELV as the predictand, a shortcoming that may explain some of the STIFOR forecast error characteristics (discussed later).
A common way of displaying predictors used in a set of regression equations is to show them in terms of their normalized regression coefficients. Normalized regression coefficients are expressed in terms of standard deviations and are created when all the predictors and the predictand have been normalized prior to calculating regression coefficients. To normalize a variable, the sample mean is subtracted from each member of the sample and the result is then divided by the sample standard deviation. A simple interpretation of a list of normalized regression coefficients is that the larger the normalized coefficient is, the greater is the individual influence of the predictor on the forecast of the predictand.
The predictors, along with their normalized regression coefficients, used in the Atlantic forecast equations are shown in Table 1 . From the possible 35 predictors, only 15 are utilized in any of the forecast equations. Continuity is held among predictors, except for the 108-and 120-h time periods, in which different predictors begin entering the regression equations. Two predictors, JDAY 2 and U ϫ VMAX, are used in every forecast equation. The combinations of cross-product terms involving LAT and LON represent spatial distributions of climatological intensity change based upon initial latitude and longitude and, to some degree, the current intensity and forward motion. An example of the spatial distributions of 48-h DELV predicted by these equations in the Atlantic basin, assuming the yearday is 250, VMAX ϭ 50 kt, DVMAX ϭ 0 kt, U ϭ 10 kt, and V ϭ 2 kt, is shown in Fig. 3a . The JDAY term accounts for median intensity changes from the seasonal peak of tropical cyclone activity. Table 2 shows the normalized coefficients for predictors used in various forecast equations for the eastern North Pacific. From the possible 35 predictors, only 13 are utilized in any of the forecast equations. Predictors have forecast-to-forecast continuity, except for the 84-and 120-h time periods, in which different predictors again begin entering the model. The use of V ϫ DVMAX at 84 h is a transitory feature in the statistics and was tested in verification studies and found to be important. At 120 h, the change in predictors suggests that 5-day forecasts are best estimated by damped persistence, because the decay in storm intensity is primarily a function of VMAX (with a negative coefficient). Other terms at 120 h are related to spatial distributions (i.e., LAT and LON). One of the predictors, JDAY ϫ LAT, is used in every forecast equation. The cross-product terms involving LAT and LON for this basin create spatial distributions of climatological intensity change based upon initial latitude and longitude, date, and, to some degree, the current intensity and meridional motion. Figure 3b shows an example of the spatial distribution of DELV for a 48-h forecast made using the same assumption used in Fig. 3a . JDAY accounts for median intensity changes from the peak of the season.
Normalized coefficients and associated predictors used in various forecast equations for the western North Pacific are shown in Table 3 . Fourteen predictors are utilized in any forecast equation. Three predictors (VMAX, LAT ϫ VMAX, and VMAX 2 ) are used in every forecast equation. Cross-product terms that contain LAT and LON are also related to spatial distributions of climatological intensity change in this basin (Fig. 3c) . The patterns are based upon initial latitude and longitude and, to some degree, the current intensity. In this basin the JDAY ϫ VMAX term accounts for intensity changes relative to the peak of the season, suggesting that both intense storms and storms occurring farther from the peak of the season are forecast to weaken more rapidly.
Model evaluation
In this section, the statistical characteristics of the forecast made by these three models will be discussed. The term ''forecast ability'' is used in this section to describe the statistical goodness of these forecasts, because by definition these control forecasts, derived using the CLIPER approach, possess no skill. In this same context, this definition does not imply that forecasts using the CLIPER approach have no utility, but rather that they are simply what is expected to occur based on past events, which may at times be an appropriate fore- cast. Both dependent and independent results will be examined in this section. As part of this examination, a comparison of the 3-day version of these models with the newly derived 5-day versions will be conducted using independent operational data. The errors and bias associated with these forecasts will be discussed through the entire 120-h forecast cycle.
VOLUME 18 W E A T H E R A N D F O R E C A S T I N G
There are two specific questions that need to be addressed in these new models. First, what are the statistical characteristics of these models? To address this question, root-mean-square errors (rmse), biases (average errors), and the R squared (R 2 ) created from the developmental dataset for each of these models are created and discussed in the context of other control models. Here R 2 is the linear coefficient of multiple correlation and measures the percentage of the total variance of the predictand that is explained by the predictors (Panofsky and Brier 1968) . Another important question is how these forecasts perform independently and operationally. Using operational track and intensity information, forecasts can be made and evaluated, acknowledging that operational information (location, speed, intensity, etc.) can be different than the besttrack data used for verification. For the Atlantic and eastern North Pacific models an independent evaluation can be performed for both the 2000 and 2001 hurricane seasons. Both the east Pacific and Atlantic versions of 5-day SHIFOR were run operationally in 2001, and the forecasts for 2000 were generated using operational input. For the 2000 and 2001 hurricane seasons, a direct comparison with the 3-day versions of the SHIFOR and official NHC forecasts can be accomplished using a homogeneous sample. In the western North Pacific, 5-day STIFOR was run operationally only for the later part of the 2001 typhoon season (after 20 July). Forecasts for the early part of the 2001 typhoon season were created using operational input so that the 5-day STIFOR could be compared with the 3-day STIFOR (Chu 1994 ) using a homogeneous sample for the entire 2001 season. 
a. Developmental data statistics
The statistical characteristics of the 5-day SHIFOR models and the 5-day STIFOR model are a by-product of the development of these models. The rmse and values of R 2 associated with each model along with the number of data points used to develop these models are shown in Table 4 . The number of forecast cases for all regression models decreases from the initial time because as lead time increases more storms dissipate, resulting in approximately a 2/3 reduction in cases by 120 h. Rmse tends to increase with increasing forecast time but to level off and even to decrease beyond 84 h in the Atlantic and 108 h in the eastern North Pacific. The maximum rmse are found in the western North Pacific at 120 h, but the value of 18 kt is a common maximum error for all of these tropical cyclone basins. Values of R 2 increase with increasing forecast time in all of the basins, with the largest values approaching 60% of the variance in the west Pacific basin at 120 h. In tests using independent data, we expect the performance of the regression equations to degrade in a mean-case scenario following equations discussed in Knaff and Landsea (1997) that account for sample size, number of predictors, and the value of R 2 . This method, however, does not account for errors in the data or the effects of extreme cases as is discussed in Mielke et al. (1996) . Degradation is expected to be minimal because of the large number of data points used in development of these equations. For example, using Knaff and Landsea's equations, the regression equation that has the least data supporting it (8 predictors, 1843 forecast cases) is in the North Atlantic at 120 h, and the anticipated degradation is from R 2 ϭ 55.5 and an rmse ϭ 15.0 kt to R 2 ϭ 55.1 and an rmse ϭ 15.1 kt. A much larger degradation will likely occur as a result of errors in operational input data, particularly those inputs related to current and past intensity measurements that have the greatest uncertainty.
If these models are developed by excluding terms involving DVMAX, a climatology control model can be created. Because these models do not have knowledge of the persistence, the early forecasts (12-84 h) have lower values of R 2 than the control models developed using the CLIPER approach. Later forecasts (beyond 84 h) are nearly identical. The values of R 2 are compared for models developed using climatology and CLIPER in Figs. 4a-c. These results indicate that the CLIPER approach produces a superior control model.
b. Independent and operational comparison with their predecessors
Forecast comparisons between 5-day versions of SHI-FOR (Atlantic and eastern North Pacific) and STIFOR and their 3-day predecessors were made using independent operational data during 2000 and 2001. Operational input data come from the Automated Tropical Cyclone Forecast System (Sampson and Schrader 2000) . Using these data, which have errors inherent in operations, independent forecasts were made for the North Atlantic, eastern North Pacific, and western North Pacific using the newly created 5-day models.
Results of these comparisons between the 3-day version SHIFOR and the newer 5-day SHIFOR in the Atlantic and eastern North Pacific are shown in Table 5 . Mean absolute errors and biases (mean errors) of the two models are similar in the Atlantic for both years. Differences were not statistically significant using a onetailed Student's t test. Sample sizes were adjusted for 24-h serial correlation, producing an effective sample size, following the method described in Franklin and DeMaria (1992) . Biases for the newer version of SHI-FOR tend to be smaller and close to zero in 2000 and larger and positive in 2001, suggesting that predicted intensities of the 5-day model are on average larger. In the east Pacific, the two versions of SHIFOR are again very similar, with errors that are not significantly different. The biases again suggest that the new version of SHIFOR tends to forecast slightly greater intensities at the longer leads than its predecessor.
An observation made while verifying, but not shown for brevity, is that the 5-day SHIFOR models tend to predict larger intensity changes, straying further from the initial conditions than their 3-day predecessors. This characteristic, although it creates forecasts with a greater spread from the initial intensities, does not result in greater or significantly different intensity forecast errors in these basins. The biases during this 2-yr verification, however, are generally less negative in both basins with the newer statistical formulation.
In the western North Pacific, 2001 is used to make a comparison between the 5-day version of STIFOR and the 3-day STIFOR (Chu 1994) . Table 6 lists the mean absolute errors and biases associated with STIFOR (3 day) and the newly developed 5-day STIFOR. The mean absolute errors associated with the 5-day STIFOR are significantly smaller for all forecast time periods and are much smaller beyond 36 h, suggesting that the statistical formulation of the new 5-day STIFOR is superior. Statistical significance was measured using a one-tailed Student's t test and the sample size was adjusted for serial correlation using a 24-h time window. An important consequence of this finding is that the better forecasts made by 5-day STIFOR are more difficult to outperform and will ''raise the bar'' for achievement of skillful tropical cyclone intensity forecasting in the western North Pacific. The biases are, as was seen in the Atlantic and east Pacific, less negative. Also similar to the Atlantic and east Pacific, the new STIFOR model produces forecasts that vary further from their initial conditions, as was the case for the SHIFOR models (not shown).
There are two factors that likely result in the new model producing superior forecasts. The first factor is the choice of DELV as the predictor instead of VMAX. It was found that DELV is an easier parameter to predict by comparing three versions of the model with the following predictands: DELV, VMAX, and the 12-hourly change in intensity (''INCV''). Of these predictands, DELV produced much better hindcasts. The second factor is the inclusion of quadratic terms as done in Jarvinen and Neumann (1979) , so that more variance is explained relative to the model with only linear terms.
c. Intensity forecasts beyond 72 h
One of the main purposes for updating these simple models was to provide a verification tool for intensity forecasts through 5 days. We examined mean absolute error and bias characteristics of these models with respect to their tropical cyclone basins. Error characteristics of the 5-day SHIFOR and 5-day STIFOR models versus persistence (in which the intensity is held constant out to 5 days) for forecasts made at 12-120 h are examined using operational data for 1997-2000 to initialize the models (Fig. 5) . These results are not completely independent, but general characteristics of model performance can still be evaluated. Results show that the Atlantic 5-day SHIFOR mean absolute intensity errors maximize at 84 h and then begin to decrease through 120 h while forecasts made with persistence continue to increase slightly even after 84 h. This behavior is seen in the eastern and western North Pacific, where errors level off at 96 h with nearly constant errors thereafter. This behavior is similar to the behavior of the rmse in Table 4 . The behavior of these errors may be partially explained by two factors: 1) the standard deviation of DELV begins to level off at the longer lead times and 2) the average time to peak intensity is less than 5 days, averaging 4.1, 3.4, and 4.8 days in the Atlantic (1967 -99), eastern North Pacific (1975 -99), and western North Pacific (1967 , respectively. The biases calculated from the models initialized with 1997-2000 operational data (Fig. 6 ) become larger and more negative as the forecast time increases for both the North Atlantic and western North Pacific, indicating that Atlantic and western North Pacific storms on average are underforecast. The Atlantic 5-day SHIFOR has a tendency to underforecast, more so than even the persistence-based forecast. On the contrary, the biases remain very close to zero through 60 h and then become slightly negative for the rest of the 5-day period in the eastern North Pacific, indicating that storms are very well forecast through 60 h, with a tendency to overforecast at longer leads. The relatively small biases in the eastern North Pacific likely result from a common weakening behavior resulting from encounters with cooler SSTs and vertical wind shear to the west. This basin is also the only one of the three for which the average DELV is negative. Furthermore, positive biases resulting from the persistence-based forecast in the eastern North Pacific also indicate that the sample tends to weaken with increasing forecast lead. Independent errors and biases for forecasts beyond 72 h are examined and compared with persistence during 2000 and 2001 in the Atlantic and eastern North Pacific and during 2001 (beginning 21 July) in the western North Pacific. Table 7 shows the mean absolute forecast errors and biases for the Atlantic and eastern North Pacific. These results show that the 5-day SHIFOR models perform well beyond 72 h, producing forecasts that are significantly better than persistence. Also evident is that 2000 and 2001 have distinctly different characteristics. It appears that 2001 was an easier year in which to beat the 5-day SHIFOR control models in both basins, as indicated by larger errors. Table 8 shows mean absolute forecast errors and biases for the 5-day STIFOR model and persistence at times beyond 72 h derived using independent data. All forecasts were run operationally starting 21 July 2001 for the western North Pacific. Five-day STIFOR produces forecasts that are significantly better than persis- Performance of these simple 5-day intensity forecasts models, derived using the CLIPER approach, at time periods beyond 72 h is somewhat unexpected. These models produce forecasts that reduce errors associated with persistence by between 30% and 50% and have characteristics that are similar to the developmental datasets. Operational mean absolute forecast errors beyond 72 h have values between 14 and 24 kt. These errors are similar to the values at 72 h and have a tendency to become nearly constant at 5 days. This error saturation likely indicates the limit of predictability for this method.
Concluding remarks
To evaluate 5-day intensity forecasts, control models that make forecasts through 120 h are needed. This paper describes development and testing of newly developed TC intensity models that utilize the CLIPER approach to make forecasts through 5 days for the Atlantic, eastern North Pacific, and the western North Pacific basins. These models serve as a new control that represents the no-skill threshold for TC intensity forecasting skill at NHC and JTWC as those institutions begin to evaluate 5-day tropical cyclone forecasts.
The newly developed models produce forecast error statistics statistically very similar to their 3-day predecessors in the Atlantic and east Pacific but represent a statistically significant improvement over their predecessors in the western North Pacific. In essence, the bar that represents skillful intensity forecasts in the Atlantic and eastern Pacific has changed little, but it has been dramatically raised in the western North Pacific basin. Large differences between the 3-day STIFOR model and the newer 5-day STIFOR model in the western North Pacific likely are the result of model formulation (the use of quadratic predictors and a more easily explained predictand).
The new 5-day versions of these models also tend to produce intensity change forecasts that deviate further from the initial intensity than their predecessors in all three basins. These forecasts are different in an individual sense but produce nearly identical error statistics in the Atlantic and eastern North Pacific. It is interesting to note how well all of these models perform beyond 72 h. Errors at 72 h are at least 2 times as large as errors at 12 h, but errors at 120 h are on the same order and in some cases actually decrease relative to 72-h errors. This observation is likely due to two factors: 1) the standard deviation of DELV begins to level off at the longer lead times and 2) the average time to peak intensity is less than 5 days in all basins.
With these models now running as part of the operational suite at both NHC and JTWC, it will be interesting to see how well the official forecasts and other models that produce 5-day intensity forecasts compare with these simple models over the next several years. It remains to be seen if operational 5-day forecasts of hurricane track and intensity prove to be useful enough to become a permanent part of the operational TC forecasting package. It is hoped that these baseline forecasts will continue to provide verification information as well as, at times, useful guidance and in general to continue the excellence exemplified by their predecessors.
